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= Planetary defense is an important contemporary problem 
— 16106 known NEOs, and counting 
-~1797 known PHOs, and counting 
—~Several dozens of NEOs >1000 m in size not yet found 
-~>10000 NEOS between 100 m and 1000 m not yet found 
—~Several millions of NEOs between 10 m and 100 m in size not yet found 
—Chelyabinsk impact February 15, 2013: ~20 m asteroid, 0.5 MT explosion, ~1600 injuries 
= The 2017 PDC hypothetical asteroid impact scenario provides a valuable opportunity for 
studying possible responses to a realistic scenario 
= Herein we consider a range of space-based responses including: 
—Reconnaissance of the 2017 PDC asteroid prior to a mitigation attempt 
—Mitigation via deflection or disruption 
—Monitoring of the asteroid during and/or after the mitigation attempt 


= We consider two of the most mature concepts for asteroid deflection (Kinetic Impactor (KI) and 
Nuclear Explosive Device (NED) 
—We also consider the use of a NED to disrupt the asteroid in cases where deflection is 
impractical 
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= Trade-off from different mission options 
= Mission types 
—Survey, Deflection/Disruption 


—Order of operations Rendezvous 
= Deflection methods ie 


—Kinetic impactor 
—Nuclear explosive device 
"Launchers 
" Trajectory options 
—Ballistic 
—-Deep space maneuver 
—Low-thrust 
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"Keplerian 2-body dynamics 
for peak deflection times 
—-Completes quickly 

"Uses linear correctors 

«"Imparted asteroid velocities 


—-In direction of heliocentric 
velocity 


-Opposite direction 


= Peak time used for initial 
guess for trajectory design 
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Close approach deflection [Earth radii] 
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Constraint Value 


Launch date after Aug. 1, 2019 
Launch declination +28.5 
Asteroid encounter phase angle < 120 

Sun minimum distance 0.7 A.U. 

Sun maximum distance 3.5 A.U. 
Earth Angle at asteroid encounter 23 


Reason 


2 years after the asteroids probability of Earth 
impact rises to 10%. 

Declination bounds for the Kennedy launch 
complex. 

Upper limit to have enough of the asteroid 
illuminated for the spacecraft’s terminal 
guidance system. 

Lower limit for the spacecraft design to handle 
the more aggressive thermal and radiation 
environments. 

Upper limit to design a large spacecraft 
(complicated) enough to handle power 
generation and Earth communications at 
greater distances is probably not compatible 
with a rapid spacecraft build timeline. 

Lower limit for the Deep Space Network to 
guarantee a viable RF link with the spacecraft. 
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Paka Asteroid Diameter | Asteroid Density | Asteroid Escape | Max Av from 
(meters (g/cm? Velocity (cm/s) NED (cm/s) 
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Minimum Impact Escape 
Launch Date Ast. Arrival S/C Mass Solar Rel. Speed = Specific Velocity 
Launch # of Launch C3 (MM-DD- Date (MM-DD- Asteroid AV @ Arrival Distance at Asteroid Energy Fraction Deflection 
Cases Mission Type Vehicle Launches (km42/s“2) yYYY) YYYY) (cm/s) (AU) (km/s) (/kg) (DV/Vesc) (Earth Radii) 
10/25/2022 2/17/2024 
10/25/2022 2/17/2024 142311 
11/9/2021 11/9/2023 3 138255.5 
11/9/2021 11/9/2023 114153.6 
10/15/2022 2/17/2024 6118 
10/15/2022. 2/17/2024 7365 
10/25/2022 2/17/2024 1500 
11/9/2021 11/9/2023 1500 
8/11/2023 2/7/2024 e 820.5226 
9/10/2023 2/17/2024 948.9111 
9/20/2023 2/17/2024 896.96 
10/25/2022 =. 2/17/2024 4983.266 
10/25/2022 2/17/2024 3993.51 
11/9/2021 11/9/2023 4043.16 
11/9/2021 11/9/2023 3265.35 
11/9/2021 11/9/2023 4373.13 
8/11/2023 2/7/2024 2785.14 
8/11/2023 2/17/2024 2785.14 
8/11/2023 2/17/2024 2377.11 
9/20/2023 2/17/2024 3027.23 
9/20/2023 2/17/2024 3027.232 
9/10/2023 2/17/2024 3128.74 
9/10/2023 2/17/2024 3228.74 
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Minimum Impact Escape 
Launch Date Ast. Arrival S/C Mass Solar Rel. Speed = Specific Velocity 
Launch # of Launch C3 (MM-DD- Date (MM-DD- Asteroid AV @Arrival Distance atAsteroid Energy Fraction Deflection 
Cases Mission Type Vehicle Launches (km42/s42) YYYY) YYYY) (cm/s) (kg) (AU) (km/s) (J/kg) (DV/Vesc) (Earth Radii) 
10/25/2022 2/17/2024 12700.09 
10/25/2022 2/17/2024 5377.42 
10/25/2022 2/17/2024 11980.52 
11/9/2021 11/9/2023 12129.48 
11/9/2021 11/9/2023 6064.74 
11/9/2021 11/9/2023 9796.06 
11/9/2021 11/9/2023 8746.26 
11/9/2021 11/9/2023 6912.78 
8/11/2023 2/7/2024 6562.18 
8/11/2023 2/7/2024 6594.42 
9/20/2023 = 2/17/2024 7223.73 
9/20/2023 2/17/2024 7175.66 
8/11/2023 2/7/2024 6594.42 
9/10/2023 2/17/2024 a 7591.29 
9/10/2023 2/17/2024 7650.86 
10/25/2022 2/17/2024 29062.4 
10/25/2022 2/17/2024 19050.13 
10/25/2022 2/17/2024 28318.19 
11/9/2021 11/9/2023 27651.1 
11/9/2021 11/9/2023 20738.33 
8/11/2023 2/7/2024 15776.37 
9/20/2023 2/17/2024 14787.2 
9/10/2023 2/17/2024 A 18677.42 
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Change in Velocity (km/s) 


= Any KI mission solution can be used for NED 


Propellant empty/full fraction vs. Specific Impulse Maximum Allowed Triggering Time 
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Max Allowed Triggering Time Before or After 
Desired Standoff Distance is Achieved 
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Event # 3: 
intercept 
2017_PDC 
9/3/2020 

te = 5.565 km/s 
DEC = -68.6 

mM = 3363 kg 


Event # 4; 
chemical burn 
deep-space 
9/16/2020 

Av = 1.110 km/s 


Event # 5: 
intercept 
2017_PDC 
2/4/2024 


nx = 6.287 km/s 
DEC = -47.0 
m= 1910 ky 


wx = 10,000 km/s 
DEC 19.5 
mM = 500 kg 


Event # 2: 
chemical burn 


Event # 1: 

launch 

Earth 

8/1/2019 

Cy = 32.879 km?/s? 
DLA = 19.0 

m = 5000 kg 


Event # 2: 
chemical burn 
deep-space 
1/17/2020 

Av = 0.358 kin/s 
m = 500 kg 


Event # 1: 

launch 

Earth 

8/1/2019 

Cy = 30,642 krn?/s? 
DLA = 28.5 

M= 600 kg 


Two flybys 


chemical burn 


No 
Rendezvous 
Solution 
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Event # 2: 


6/11/2023 
m= 1900 hg 


Event # 1: 
Jaunch 


Earth 
10/14/2020 
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Event # 2: 

LT rendezvous 

2017_PDC 

4/24/2025 Event # 2: 

m= 1900 kg LT rendezvous 
2017_PDC 
4/19/2025 
m= 1900 kg 


Event # 1: Event # L: 

launch launch 

Earth Earth 

8/19/2022 9/1/2022 

Cy = 43.758 km?/s? Cy = 74.503 km? s? 
DLA = 15.2° DLA = 13.9 

m = 2450 kg m = 2426 kg 


(a) Atlas V (b) Delta IV 
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= Developed planetary defense mission concepts for 2017 PDC 
hypothetical asteroid impact scenario 


= Trade study of different mission concepts 
-Deflection and disruption strategies 
«Identified peak deflection times using a fast and robust algorithm 


= Successfully obtained desirable mission trajectories for 
maximum deflection or observation missions 


—-Ballistic scenarios 

-DSM 

-Low-thrust 

Small asteroids cannot withstand KI or NED deflection 
—-Disruption is the only practical solution 
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